A phase I study was conducted to formally evaluate the steady-state pharmacokinetics (PK) of tenofovir disoproxil fumarate (TDF) and ritonavir (RTV)-boosted saquinavir mesylate (SQV) when coadministered in healthy volunteers. Forty subjects received multiple doses of TDF (300 mg, once daily) and SQV/RTV (1,000 mg/100 mg, twice daily) alone and together under steady-state conditions in an open-label, fixed sequence design. Blood samples for tenofovir (TFV) and SQV/RTV PK were drawn over respective 24-and 12-h dosing intervals, and drug concentrations were measured by liquid chromatography-tandem mass spectrometry. Safety was assessed periodically by clinical and laboratory monitoring. Thirty-two subjects completed the study and were fully evaluable; three subjects discontinued participation in the study due to adverse events, three subjects withdrew for personal reasons, and two subjects withdrew because of inadequate venous access for blood sampling. Steady-state TFV PK were not significantly altered upon coadministration with SQV/RTV. Steady-state SQV (administered as SQV/RTV) AUC tau , C max , and C tau increased 29, 22, and 47%, respectively, upon coadministration with TDF, and all subjects achieved a C tau of >100 ng/ml. These modestly increased SQV exposures are not clinically meaningful given its clinical use with RTV already results in >10-fold-higher SQV levels. Steady-state RTV AUC tau and C max levels were not significantly altered, whereas C tau was 23% higher upon coadministration of SQV/RTV and TDF. Thus, no clinically relevant interactions between TDF and RTV-boosted SQV were observed under conditions simulating clinical practice.
In the United States and Europe, the standard of care for the treatment of human immunodeficiency virus type 1 (HIV-1) infection uses a combination of antiretroviral drugs based on a backbone of two nucleoside or nucleotide reverse transcriptase inhibitors and either a non-nucleoside reverse transcriptase inhibitor or a protease inhibitor (http://aidsinfo.nih.gov /guidelines) (11) .
While protease inhibitors have proven to be among the most potent antiretroviral drugs available to clinicians, because of their low and variable bioavailability and short plasma elimination half-lives most have required the administration of high doses two or three times a day. However, due to their metabolism in the gastrointestinal tract and liver by cytochrome P450 (CYP450), primarily the 3A4 isoenzyme (CYP3A4), these drugs may be combined with a subtherapeutic dose of ritonavir (RTV), a potent inhibitor of CYP3A4, to effectively increase their bioavailability and half-life (4) . The use of ritonavir as a pharmacokinetic booster in combination antiretroviral therapies involving dual protease inhibitors has been so successful that the use of RTV is recommended with all of the currently approved protease inhibitors except for nelfinavir mesylate, for which boosting is unnecessary, due to its metabolism by CYP450 enzymes other than CYP3A4 (http://aidsinfo.nih.gov /guidelines). Therefore, with the increasing prevalence of antiretroviral regimens containing RTV-boosted protease in-hibitors, it is appropriate to conduct prospective studies to evaluate the potential for drug-drug interactions between these agents and other antiretroviral drugs.
The nucleotide analogue, tenofovir DF is a recommended component of antiretroviral regimens (http://aidsinfo.nih.gov /guidelines) (11) , hence the likelihood of concurrent administration of this drug with RTV-boosted protease inhibitors is high, and an understanding of the potential for drug-drug interaction between these agents is valuable. Saquinavir mesylate (SQV) is a commonly prescribed protease inhibitor that is recommended to be boosted with a subtherapeutic dose of RTV (according to the Invirase [saquinavir mesylate] capsule product summary [Roche Laboratories, Inc., Nutley, NY]), and we present here the results of a phase I study designed to evaluate the potential for a pharmacokinetic interaction between tenofovir, administered as tenofovir disoproxil fumarate (tenofovir DF [TDF]), and both ritonavir-boosted and unboosted saquinavir mesylate.
The primary objective of the study was to evaluate whether coadministration of tenofovir DF and ritonavir-boosted saquinavir mesylate would alter the steady-state pharmacokinetics of either tenofovir or saquinavir and whether coadministration of these drugs raised any safety concerns. A secondary objective was to investigate the effects of single and multiple (steady-state) doses of tenofovir DF on exposure to unboosted saquinavir mesylate and the effects of a single dose of ritonavirboosted or unboosted saquinavir mesylate on exposure to tenofovir. These latter investigations were exploratory in nature and intended to provide additional information on the potential mechanisms of any drug-drug interactions that might be observed between TDF and protease inhibitors.
(This study was presented in part at the 44th International Conference on Antimicrobial Agents and Chemotherapy, Washington, D.C., 30 October to 2 November 2004.)
MATERIALS AND METHODS

Subjects.
Healthy male and female (nonpregnant, nonlactating) volunteers aged from 19 to 55 years, with no more than a 20% deviation from either extreme of the ideal body weight range for their frame size and gender, an estimated creatinine clearance of at least 75 ml/min (using the Cockcroft and Gault equation [3] and serum creatinine and actual body weight at screening), and confirmed negative serologies for HIV, hepatitis B virus (HBV), and hepatitis C virus (HCV) infection were eligible to participate in the present study. Subjects could be current smokers (maximum of 20 cigarettes/day) but were asked to keep their tobacco use consistent throughout the study.
Exclusion criteria included a history of clinically relevant disease, including prior relevant alcohol or drug abuse, and current illness or infection. Subjects were also ineligible if they needed treatment with drugs known to be competitors for renal excretion, nephrotoxic or potentially nephrotoxic, or if they had taken drugs known to induce or inhibit hepatic enzymes within 3 months prior to entry into the study. In general, other than the ongoing use of hormonal contraceptives, the use of all prescription and nonprescription medications (including herbal supplements) was discouraged during the study, with exceptions to be approved by the investigator and sponsor. Potentially hepatotoxic drugs and drugs contraindicated for either saquinavir or ritonavir were prohibited at all times, as were the consumption of grapefruit/grapefruit juice and the use of St. John's wort-containing products. Alcohol and caffeine were prohibited during each confinement for pharmacokinetic sampling. Subjects were required to avoid strenuous or prolonged exercise, saunas, steam baths, and sunbathing or other prolonged exposure to UV radiation.
This study was performed at a single study center, MDS Pharma Services (US), Inc., Lincoln, Nebraska, in the United States between December 2003 and May 2004 (first screening evaluation through last subject observation). Approval for the study was obtained from the MDS Pharma Services Institutional Review Board prior to initiation of the study, and all prospective subjects were required to provide written informed consent prior to their participation in the study.
Study design and procedures. This was a 39-day, open-label, single-and multipledose, drug-drug interaction study. After screening procedures and baseline assessment (medical history, physical examination, and blood and urine laboratory tests) had confirmed study eligibility, each subject received the single-and multiple-dose treatments represented schematically in Fig. 1 . All doses of tenofovir DF (one 300-mg tablet) were administered in the morning. Saquinavir mesylate (five 200-mg hard gelatin capsules), unboosted or boosted with ritonavir (one 100-mg soft gelatin capsule), was administered in the morning when given as a single dose and in the morning and evening when dosed twice daily. Each dose was to be taken at or close to the same time each day to maintain a 12-or 24-h dosing interval. When tenofovir DF and saquinavir or ritonavir-boosted saquinavir were given in combination, subjects took both study drugs together in the morning, with the evening dose of ritonavir-boosted saquinavir taken as close as possible to 12 h later. Study drugs given in combination were swallowed in the following order: tenofovir DF Ͼ saquinavir mesylate Ͼ ritonavir (where applicable).
Serial venous blood samples were collected to determine plasma drug concentrations on days 1, 2, 8, 9, 10, 24, and 39. Concentrations of tenofovir were measured over a 24-h period on days 2, 8, 9, 10, and 24, and concentrations of saquinavir and, where applicable, ritonavir were measured over a 12-h period on days 1, 2, 9, 10, 24, and 39. Blood samples were collected at the following time points: Յ5 min before dosing (predose) and at 0.25, 0.50, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 16, and 24 h postdose, as appropriate.
While sequestered at the study center, each study drug dosing was completed under the supervision of staff and no more than 30 min after the subject had consumed a standard meal (breakfast or dinner/supper) containing at least 20% of the total caloric content from fat, which is consistent with the original label recommendation for saquinavir to be taken with food. To minimize variation in pharmacokinetics due to food, on pharmacokinetic sampling days the same standard breakfast containing 20% of the total caloric content (373 kcal) from fat was consumed prior to administration of the morning dose of drug(s). Administration of tenofovir DF with a light meal has no significant effect on the pharmacokinetics of tenofovir compared to fasted administration of the drug (5). On the morning of the pharmacokinetic sampling days, other than the water (240 ml) provided with dosing, water was withheld for 1 h before dosing until 2 h after dosing. Subjects were required to remain in an upright position (sitting or semisupine) for 2 h after dosing.
When self-administered by the subjects outside of the clinic, the study drug(s) was to be taken with or within 30 min after the subject consumed a meal. Subjects were to complete a dosing diary recording the date and time of each selfadministered dose of study drug, the amount of study drug(s) taken, and whether study drug(s) was taken with food.
Safety assessment. The safety and tolerability of the study drugs were evaluated at each study visit on the basis of reported clinical adverse events, clinical laboratory test results, vital sign measurements, and physical examination findings. The severity of clinical adverse events and laboratory tests was graded by using modified NIH/ DAIDS toxicity grading scales. The severity of adverse events and the investigator's assessment of their causality to study drugs were recorded.
Analytical methods. Plasma concentrations of tenofovir, saquinavir, and ritonavir were determined by using validated liquid chromatography-tandem mass spectrometry (LC/MS/MS) bioanalytical methods. The assay for tenofovir concentrations was performed by Gilead Sciences Bioanalytical Laboratory (Durham, NC). In brief, the plasma sample (100 l) was deproteinized by using methanol (400 l) containing adefovir as internal standard. An aliquot (5 l) of the extract was analyzed by the LC/MS/MS system. Chromatography was performed on a reversed-phase ThermoFinnigan Keystone Aquasil C 18 column (100 by 2.1 mm, 3 m) under isocratic conditions (0.1% formic acid in water-methanol, 85:15 [vol/vol]) at a flow rate of 125 l/min. Tenofovir and the internal standard were detected by MS/MS in the selected reaction monitoring mode by using electrospray ionization with positive polarity. The calibration curve was validated and linear over the concentration range from 10 to 1,000 ng/ml, with the lower limit of quantification of 10 ng/ml. Interassay accuracy and precision ranged from Ϫ5.2 to 4.0% and from 4.4 to 7.9%, respectively.
The assay for simultaneous determination of saquinavir and ritonavir concentrations was performed by Quest Pharmaceutical Services, LLC (Newark, DE). In brief, plasma sample (50 l) was mixed with an internal standard (diazepam, 50 l) and phosphate buffer (0.1 M, 50 l) and then extracted with methyl t-butyl ether (4 ml). The supernatant was evaporated to dryness and reconstituted with 0.5 ml of 0.1% acetic acid in water-methanol (50:50 [vol/vol]). An aliquot (2 l FIG. 1. Dosing schema. Day 1, administration of a single 1,000-mg dose of saquinavir mesylate (SQV) in the morning; day 2, coadministration of a single 300-mg dose of tenofovir DF (TDF) with a single 1,000-mg dose of SQV in the morning; days 3 to 8, administration of a single 300-mg dose of TDF once daily (QD) in the morning; day 9, coadministration of a single 300-mg dose of TDF and a single 1,000-mg dose of SQV in the morning; day 10, coadministration of a single 300-mg dose of TDF and a single 1,000/100-mg dose of ritonavir-boosted saquinavir (SQV/r) in the morning; days 11 to 24, coadministration of 1,000/100 mg of SQV/r twice daily (BID) in the morning and evening with a 300-mg dose of TDF QD in the morning; days 25 to 38, administration of 1,000/100 mg of SQV/r BID in the morning and evening; day 39, administration of a single 1,000/100-mg dose of SQV/r in the morning.
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PK OF TENOFOVIR AND RITONAVIR-BOOSTED SAQUINAVIR 1305 a flow rate of 400 l/min. Saquinavir, ritonavir, and the internal standard were detected by MS/MS in the multiple reaction monitoring mode using electrospray ionization with positive polarity. The calibration curve was validated and linear over the concentration range from 1 to 1,000 ng/ml with the lower limit of quantification of 1 ng/ml for both saquinavir and ritonavir. Interassay accuracy and precision ranged from Ϫ6.4 to 0.5% and 6.1 to 10.1% for saquinavir and from Ϫ7.7 to 1.6% and 6.4 to 7.4% for ritonavir, respectively. Pharmacokinetic analysis. Individual plasma concentration-time profiles were analyzed by application of a nonlinear curve-fitting software package (WinNonlin, Professional Edition, version 3.3; Pharsight Corp., Mountain View, CA) using noncompartmental methods.
Single-dose pharmacokinetic parameters determined after administration of a single dose of tenofovir DF (day 2), saquinavir mesylate (days 1, 2, and 9), or ritonavir-boosted saquinavir mesylate (day 10) included the following: maximum observed concentration of drug (C max ), time (observed time point) of C max (T max ), estimate of the terminal elimination half-life of the drug (t 1/2 ), and area under the concentration versus time curve extrapolated to infinite time (AUC inf ). Parameters estimated after multiple dosing of tenofovir DF (days 8, 9, 10, and 24) and ritonavir-boosted saquinavir mesylate (days 24 and 39) included: C max , the observed drug concentration at the end of the dosing interval (C tau ), T max , t 1/2 , and the area under the concentration versus time curve over the dosing interval (AUC tau ).
Statistical analysis. All statistical analyses were performed by using SAS, version 8.02 (SAS Institute, Cary, NC). The critical pharmacokinetic parameters for assessing the potential interaction between tenofovir DF and ritonavirboosted saquinavir were AUC tau , C max , and C tau using the parameters for tenofovir or ritonavir-boosted saquinavir administered alone as a reference. These parameters were log transformed and compared by analysis of variance using a mixed-effects linear model. Ninety percent confidence intervals (CIs) were constructed for the ratio of geometric least-squares means of AUC tau , C max , and C tau for each drug when dosed in combination relative to alone. The CIs were obtained by analyzing the logarithms of the pharmacokinetic parameters and computing 90% CIs for the difference in least-squares means on a logarithmic scale with or without the other drug. The resulting CIs were then transformed back to and reported on the original measurement scale. The study was powered to detect a 30% difference in steady-state pharmacokinetics, and each drug's pharmacokinetics were considered to be not significantly altered if the 90% CI about the ratio of geometric least-squares means fell within the range of 70 to 143% (0.7 to 1.43). A maximum change of 30% was selected, based on the demonstrated higher tenofovir exposures (ϩ34% in terms of AUC) when it is used with lopinavir/ritonavir, a combination with proven safety and efficacy in 
RESULTS
Demographics.
A total of 40 healthy subjects were enrolled in the study; most (90%) were white, with approximately equal numbers of male (45%) and female (55%) subjects. The mean (range) age was 31 (19 to 55) years, the mean (range) weight was 72 (58 to 91) kg, and most (80%) subjects had a medium frame size.
Pharmacokinetics. Thirty-five subjects completed pharmacokinetic evaluations for tenofovir, and thirty-two subjects completed pharmacokinetic evaluations for saquinavir and ritonavir. Figure 2A shows the mean (plus the standard deviation [SD]) steady-state plasma concentration-versus-time profiles for tenofovir after administration of multiple doses of tenofovir DF alone (day 8) or with multiple doses of ritonavirboosted saquinavir mesylate (day 24). Tenofovir was absorbed after oral administration of tenofovir DF alone or coadminis- tration with ritonavir-boosted saquinavir mesylate with a median T max value of 2 h after dosing ( Table 1 ). All subjects had measurable plasma concentrations at 24 h after study drug administration (C tau ), except one subject, who had one value below the limit of quantitation (mean Ϯ SD C tau on day 24 of 67.6 Ϯ 20.5 ng/ml). Steady-state C max , C tau , and AUC tau values increased by 15, 23, and 14%, respectively, for tenofovir when coadministered with ritonavir-boosted saquinavir; however, the associated 90% confidence intervals were contained within the range of 70 to 143%, suggesting that the steady-state plasma PK of tenofovir were not significantly altered after coadministration with ritonavir-boosted saquinavir mesylate compared to tenofovir DF alone ( Table 2 ). Figure 2B shows the mean (plus the SD) steady-state saquinavir plasma concentration versus time profiles after administration of multiple doses of ritonavir-boosted saquinavir alone (day 39) or with multiple doses of tenofovir DF (day 24). Steady-state saquinavir trough values (C tau ) were somewhat less variable when saquinavir mesylate was coadministered with tenofovir DF, and all subjects achieved saquinavir C tau values of Ͼ0.100 g/ml (Table 1) . Steady-state saquinavir C max was 22% higher but not significantly different (i.e., the ratio of geometric least-squares means was within a confidence interval range of 70 to 143%) when ritonavir-boosted saquinavir mesylate was coadministered with tenofovir DF versus ritonavirboosted saquinavir mesylate alone, whereas C tau and AUC tau values for ritonavir-boosted saquinavir significantly increased by 47 and 29%, respectively, with the upper boundary of the respective 90% confidence intervals falling outside the 70 to 143% confidence interval range ( Table 2 ). Figure 2C shows the mean (plus the SD) steady-state ritonavir plasma concentration versus time profiles after administration of multiple doses of ritonavir-boosted saquinavir mesylate alone (day 39) or with multiple doses of tenofovir DF (day 24). Steady-state pharmacokinetic parameters for ritonavir after administration of ritonavir-boosted saquinavir mesylate alone or with tenofovir DF are summarized in Table 1 . Steady-state ritonavir C max and AUC tau were not significantly different between treatments, whereas the trough ritonavir value (C tau ) significantly increased 23% when ritonavir-boosted saquinavir mesylate was coadministered with tenofovir DF compared to the administration of ritonavir-boosted saquinavir mesylate alone ( Table 2 ).
In the exploratory analyses, tenofovir steady-state pharmacokinetics were similar after administration of tenofovir DF alone (day 8) or with a single dose of either unboosted (day 9) or ritonavir-boosted (day 10) saquinavir mesylate. The geometric least-squares mean ratios and associated 90% confidence intervals for tenofovir C max , C tau , and AUC tau were each contained within the confidence interval range of 70 to 143% after administration of tenofovir DF with a single dose of either unboosted or ritonavir-boosted saquinavir mesylate compared to tenofovir DF alone. In contrast, higher saquinavir C max and AUC inf values were observed when saquinavir mesylate was coadministered with either a single (day 2) or multiple (day 9) doses of tenofovir DF than when saquinavir mesylate was administered alone (day 1). The saquinavir C max value significantly increased by 31 and 29%, and the AUC inf increased by 66 and 49%, upon coadministration with a single or multiple doses of tenofovir DF, respectively, compared to administration of a single dose of saquinavir mesylate alone.
Safety. Thirty-two subjects completed the entire 39-day treatment phase, and all scheduled pharmacokinetic samplings. Three subjects discontinued the study prematurely because of adverse events: a male subject experienced grade 2 erectile dysfunction; a female subject experienced grade 2 menorrhagia that was associated with low hemoglobin (onset at grade 1, reaching maximum grade 3 severity 9 days after the study drugs were discontinued, and improving to grade 1 by the time she was lost to follow-up); and grade 2 dyspnea occurred in a second female subject. Of these adverse events, the erectile dysfunction and menorrhagia were considered by the investigator to be related to the study drugs; the low hemoglobin was interpreted as a result of the subject's menorrhagia but was not directly related to the study drugs, and the dyspnea was assessed as unrelated to the study drugs. The other five subjects discontinued the study for reasons unrelated to the study treatment (three subjects withdrew consent for personal reasons, and two subjects had problems with inadequate venous access for the serial venipunctures required for pharmacokinetic sampling).
Overall, one or more treatment-emergent adverse events were reported in 37 of 40 (93%) subjects; none was assessed as serious. The majority (73%) of the reported adverse events were considered by the investigator to be related to study treatment. The most frequently reported (in Ն10% of subjects overall) adverse events related to the study treatment were headache (45%), nausea (35%), dizziness (20%), fatigue (20%), loose stools (17.5%), vomiting (17.5%), upper abdominal pain (15%), and dyspepsia (10%). Almost all events were assessed as grade 1 (87%) or grade 2 (12%) severity; only one subject experienced an adverse event of grade 3 severity (decreased hemoglobin), and no subject had an adverse event of grade 4 severity.
Laboratory abnormalities of grade 3 or grade 4 toxicity were reported in eight subjects, including single incidences of grade 3 (3ϩ on dipstick) hematuria in six female subjects coincident with normal menses. As described previously, one subject had a grade 3 low hemoglobin (reported as adverse event) coincident with ongoing menorrhagia, and another subject had an asymptomatic high creatine phosphokinase (grade 4) that was attributed to strenuous exercise.
DISCUSSION
The purpose of this study was to determine the pharmacokinetics of tenofovir, saquinavir mesylate, and ritonavir under steady-state conditions when tenofovir DF (300 mg once daily [QD]) and ritonavir-boosted saquinavir mesylate (1,000 mg/ 100 mg twice daily [BID]) were coadministered to establish recommendations regarding the concurrent use of these drugs. A secondary objective was to assess the effects of single and multiple (steady-state) doses of tenofovir DF on exposure to saquinavir mesylate, and the effects of a single dose of ritonavir-boosted saquinavir mesylate on exposure to tenofovir. These exploratory investigations were conducted to elucidate possible mechanisms for observed drug-drug interactions between tenofovir DF and the HIV protease inhibitors atazanavir and lopinavir/ritonavir (5, 9; Reyataz [atazanavir] product summary [Bristol Meyer Squibb Company, Princeton, NJ]). 
